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Abstract 
This work studies the upward-propagating migrating and non-migrating tidal effects from the lower atmosphere 
on the longitudinal variation of electron density (Ne) in both the E and F regions at mid-latitudes during the 2002 
March equinox. A total of 12 runs are conducted using the Thermosphere Ionosphere Electrodynamic General Cir-
culation model for theoretical investigation. The Ne at altitudes above 200 km is affected by upward-propagating 
tides, with maximum values attained around 300 km. Migrating tides result in reduced longitudinal differences in 
the Ne over North America and in the Southern Hemisphere, while non-migrating tides induce a wave-4 pattern in 
both hemispheres. The non-migrating effect is weaker than the migrating effect after penetrating into the F region. 
The neutral composition (i.e., ratio of atom oxygen to molecular nitrogen) is dominant in regulating the Ne in both 
the migrating (accounting for approximately 64%) and non-migrating (about 60%) tidal penetration processes. The 
Ne caused by the tidal meridional wind (accounting for approximately 70%) is stronger than the tidal zonal wind 
(about 30%) under both the migrating and non-migrating tidal conditions, except in the Southern Hemisphere under 
migrating tidal input. This work contributes to our understanding of the mechanisms for the longitudinal modulation 
of the Ne at mid-latitudes.
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Background
The equatorial lower atmosphere is coupled to the 
F region ionospheric electron density (Ne) (England 
2012). A prominent wave-4 longitudinal structure is 
reported by a number of satellite observations (Sagawa 
et  al. 2005; Immel et  al. 2006; England et  al. 2006b; Lin 
et al. 2007; Lühr et al. 2007; Kil et al. 2008, 2015; Peda-
tella et  al. 2008; Scherliess et  al. 2008; Wan et  al. 2008; 
Liu et al. 2009; Kwak et al. 2012) and simulations (Hagan 
et al. 2007; Jin et al. 2008; Ren et al. 2010). These wave-4 
structures are believed to be caused by the non-migrat-
ing DE3 tide (Hagan and Forbes 2002; Henderson et  al. 
2005; Sagawa et  al. 2005; England et  al. 2006a; Immel 
et al. 2006). When the DE3 E layer wind dynamo electric 
field is mapped to the F layer, it causes DE3 changes in 
the electron density through vertical transport processes. 
The annual and seasonal variations of DE3 are similar to 
those of ionospheric parameters, which support the E-F 
layer electric field coupling mechanism (Lin et  al. 2007; 
Kil et al. 2008; Wan et al. 2008; England et al. 2009; Fang 
et al. 2009; Oberheide et al. 2009; Häusler and Lühr 2009; 
Mukhtarov and Pancheva 2011; Brahmanandam et  al. 
2011; Wu et al. 2012; Pedatella et al. 2012; Nogueira et al. 
2013).
Whether or not the lower atmosphere is closely cou-
pled to the mid-latitudinal ionosphere is still not well 
understood. Previous regional and global observations 
have disclosed prominent wave-2 and wave-1 longitu-
dinal structures of the Ne in the F layer in the Northern 
and Southern Hemispheres (Zhang et  al. 2011; Zhao 
et al. 2013; Xu et al. 2013; Wang et al. 2016). Wang et al. 
(2016) found a wave-1 longitudinal structure of Ne exist-
ing in the E layer in both hemispheres. The longitudinal 
variation of thermosphere and ionospheric parameters 
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are often related to non-migrating tides, either gener-
ated in situ or upward-propagated from the lower atmos-
phere (Wu et  al. 2012). A recent model study by Wang 
et  al. (2015) quantitatively investigates in  situ physical 
processes in F regions in association with the wave-2 
and wave-1 longitudinal structure of the Ne. It shows 
that the vertical motion of plasma, caused by the zonal 
wind, accounted for 80% of the wave-2/wave-1 variations 
in Ne in the Northern/Southern Hemisphere. Meridi-
onal wind, neutral composition, and solar heating are 
responsible for the remnant. In the E layer, the dominant 
in situ process is solar heating (Wang et al. 2016). These 
results indicate that local/in situ physical processes con-
tribute to observed longitudinal variations of Ne in both 
the E and F regions and can compromise the model–
observation differences. However, the roles of upward-
propagating migrating and non-migrating tides from the 
lower atmosphere are still not well understood and need 
further investigation. Wang and Liu (2015) revealed that 
the longitudinal differences of the F region’s Ne over NA 
were enhanced by 15% when migrating tidal inputs were 
turned on at the model’s low boundary. But its effect on 
the E region’s Ne was not discussed.
The aim of this work is to examine, in detail, the 
upward-propagating tidal effect from the lower atmos-
phere on the ionospheric Ne using the National Center 
for Atmospheric Research’s (NCAR) TIEGCM (Heroux 
and Higgins 1977). In the following section, the phrase 
’tides’ means those that originate from the lower atmos-
phere. The questions that we want to address here are: (1) 
what is the role of the lower atmosphere tides in the E 
and F regions? (2) how do lower atmosphere tides affect 
the low and upper ionosphere? Various researchers have 
studied tidal effects on ionospheric parameters at equa-
torial regions using the TIEGCM model. (Heroux and 
Higgins 1977; Heroux and Hinteregger 1978; Heelis et al. 
1980; Dickinson et al. 1984; Emery et al. 2008; Wu et al. 
2012). With respect to the mid-latitudes, several recent 
model and observational studies showed that for mani-
festing the mid-latitude summer night anomaly, tidal 
components such as DE1 and DW2 in combination with 
SPW1 are predominant in the Northern Hemisphere, 
whereas D0 in combination with SPW1 are the major 
components in the Southern Hemisphere (Chen et  al. 
2013; Jones et al. 2013; Xiong and Lühr 2014; Chang et al. 
2015). However, origins of these non-migrating tides, 
especially the quantitative contribution from the lower 
atmosphere, are not completely understood.
Model and observation
TIEGCM
TIEGCM is a three-dimensional time-dependent model of 
the coupled thermosphere and ionosphere. It consistently 
solves ion continuity, momentum, and energy equations. 
The TIEGCM model is driven by a high-latitude electric 
field (Heelis et al. 1982), solar EUV, and UV spectral fluxes 
parameterized by the F10.7 index (Richards et  al. 1994), 
and tides (global scale wave model) at the low boundary 
(Hagan and Forbes 2002). Its outputs are global winds, 
plasma and neutral temperatures, and densities.
The horizontal resolution of the model is set to be 2.5◦ 
by 2.5◦ in geographic longitude and latitude, respectively. 
There are 57 pressure surfaces extending from 97 km to 
about 700 km (depending on the solar activity) with a 
vertical resolution of a quarter scale height. All simula-
tions are run for the 2002 March equinox. The input 
parameters are: hemispheric power  =  39  GW, cross-
polar cap potential  =  60  kV, and F10.7  =  200 sfu. The 
model is run for 48  h to reach a quasi-steady state and 
then continued from the start-up simulation for another 
24 h; these data are used for analysis. The electron density 
is sorted into geographic longitude and magnetic local 
time (MLT) bins with a resolution of 15◦ in longitude and 
1  h in MLT. The longitudinal mean value is subtracted 
from each MLT sector to better explore the quantity’s 
longitudinal variation. The study focuses on the mid-lat-
itudes between ±40◦ and ±60◦ magnetic latitude (MLat). 
We run the TIEGCM model, separately with and without 
migrating tides (sun-synchronous) and non-migrating 
tides (longitude dependent) imposed at the lower atmos-
phere, in order to study the tidal effects on Ne. The tidal 
amplitudes vary considerably depending upon the season 
at mid-latitudes in the MLT (e.g., Laskar et al. 2016). The 
tidal components in March are specified by GSWM-02 
including both the diurnal and semidiurnal harmonics.
Global scale wave model (GSWM)
GSWM is a two-dimensional, linearized, steady-state 
model. It solves the extended Navier–Stokes equations 
for tidal and planetary wave perturbations as a function 
of latitude and altitude for a specified zonal wave num-
ber and periodicity (refer to http://www.hao.ucar.edu/
public/research/tiso/gswm/gswm.html for additional 
details). GSWM-02 is used in TIEGCM model (Hagan 
and Forbes 2002, 2003). GSWM-00 includes monthly 
variable migrating tidal results in response to solar radia-
tion. GSWM-02 includes both GSWM-00 results and the 
migrating and non-migrating diurnal and semidiurnal 
tides that are excited by latent heat release due to tropical 
deep convection, and offers monthly outputs. GSWM-02 
provides 13 diurnal and semidiurnal tidal components, 
such as standing diurnal and semidiurnal tidal compo-
nents as well as eastward and westward propagating har-
monics with wave numbers from 1 to 6 (W6-E6).
Oberheide et  al. (2006) performed a comprehensive 
study by comparing non-migrating tidal components 
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from GSWM-02 with those from TIDI measurements 
of zonal and meridional winds in the mesosphere/lower 
thermosphere on board TIMED. Monthly averaged 
amplitude and phase for seven tidal components are pre-
sented at altitudes between 85 and 105 km. A compari-
son of the results indicates that there is good quantitative 
agreement between TIDI and the model predictions 
during equinox, but the latter tend to underestimate the 
westward 2 diurnal tide and standing diurnal tide during 
solstice. For westward 2 and standing diurnal tidal forc-
ing, both latent heating and planetary wave/migrating 
tidal nonlinear interactions are equally important. As a 
linear tidal mode, the GSWM cannot account for non-
linear processes, such as planetary wave/migrating tidal 
interaction forcing.
CHAMP
CHAMP had a near-polar (83.7◦ inclination) orbit (Reig-
ber et  al. 2002). The Planar Langmuir Probe (PLP) on 
board CHAMP measured the electron density every 15 
seconds. Data, from 2002 and 2003, were selected rep-
resenting high solar activity. A length of 131  days, cen-
tered on the March equinox, is chosen in order to cover 
the full local time cycle for CHAMP. The magnetic local 
time hours were covered on different days, but because 
the data being considered cover 2 years, local time sea-
sonal correlation was somewhat smeared out. The study 
focused on the mid-latitudes between 40◦ and 60◦ MLat. 
We presented the results in magnetic latitude and mag-
netic local time because, for a given geographic latitude, 
the electron density showed a significant longitudinal 
dependence due to the tilt of the Earth’s dipole axis. This 
dependence was greatly removed by using magnetic 
coordinates. The electron density was sorted into geo-
graphic longitude and MLT bins with a resolution of 15◦ 
longitude and 1 h in MLT. The longitudinal mean value 
was subtracted from each MLT sector to better explore 
the quantity’s longitudinal variation.
Results and discussion
Data–model comparison
The simulated Ne is compared with the CHAMP sat-
ellite observations at 400  km altitude. The longitudinal 
and magnetic local time variations of the CHAMP Ne 
in the Northern (left) and Southern (right) Hemispheres 
are shown in Fig. 1. In observations, there exist a wave-2 
structure (one peak and trough over NA (180◦W−0◦ ), 
another peak and trough over the Europe-Asia sector 
(0◦−180◦E) in the Northern Hemisphere), and a wave-1 
structure (one peak and trough) in the Southern Hemi-
sphere. Both peaks and troughs shift eastward as the 
local time increases. The wave amplitudes are larger in 
the Southern than in the Northern Hemisphere. Wang 
et  al. (2016) showed that such longitudinal and diurnal 
features existed throughout the whole year and for all 
solar activity levels. Wang and Liu (2015) indicated that 
local physical processes (i.e., thermospheric neutral wind 
and solar heating) contributed to the observed longitudi-
nal structure of the Ne.
The TIEGCM simulated Ne is shown at the bottom of 
Fig. 1. Here, the lower atmospheric tides are not added; 
therefore, the model’s results represent in situ processes. 
These results are generally consistent with observations 
in large-scale structures, showing obvious wave-2 and 
wave-1 longitudinal patterns in the Northern and South-
ern Hemispheres. The hemispheric and local time asym-
metries are also well reproduced by the model. These 
affirm that the model can be used for theoretical studies. 
Some small-scale structures are not reproduced by the 
model, which might be due to the fact that the model is 
a 1-day result with 131-day averaged solar wind and IMF 
parameters as input, while the observations are an accu-
mulation of results over 131 days, as well as due to the 
fact that the tidal effects are not included in the model.
Migrating tidal effects
When migrating tides are imposed at the lower bound-
ary of TIEGCM, the simulated Ne is shown at the top 
of Fig. 2. The longitudinal and local time distribution of 
the Ne, with migrating tide as inputs, are almost the 
same as those without migrating tides (see the bottom of 
Fig. 1). The residual Ne, due to migrating tides, which 
is the focus of this research, is shown at the bottom of 
Fig. 2. They are the difference between the Ne with and 
without migrating tidal forcing (i.e., the top of Fig.  2, 
minus the bottom of Fig. 1). There is a wave-1 structure 
in both the Northern and Southern Hemispheres. In the 
Northern Hemisphere, the structure is relatively weak, in 
comparison with the Southern Hemisphere. The north-
ern wave pattern, produced by the upward-propagating 
migrating tide, is almost out of phase with the wave 
structure produced by in situ processes, while the south-
ern wave pattern is out of phase relation in the pre-noon 
and in-phase relation in the post-noon period (compare 
Fig. 2 with Fig. 1, bottom). Therefore, the migrating tide 
reduces (increases) the wave amplitude caused by in situ 
processes in the Northern (Southern) Hemisphere. The 
tidal effect is stronger in the Southern rather than the 
Northern Hemisphere.
The altitudinal and longitudinal variations of the resid-
ual Ne at 14 MLT are shown in Fig. 3, to demonstrate 
the tidal effects at E and F regions. The longitudinal abso-
lute differences in the Ne (top panel) are negligible at 
altitudes below 200 km, which is due to relatively lower 
density at the E region in comparison with that at F 
region. When looking at the relative differences (bottom 
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panel), the longitudinal variations are quite compara-
ble at altitudes below 200  km and above 200  km. The 
amplitudes of the longitudinal absolute differences reach 
a maximum at altitudes of around 300  km and then 
decrease with increasing altitudes. It is interesting to note 
that the longitudinal structure does not change signifi-
cantly with altitude. The tidal effects at both the E and F 
layers indicate the upward propagation of tides from the 
lower atmosphere into the thermosphere.
The next question is how the migrating tide affects the 
F layer Ne. We classify the tidal effects into two catego-
ries: tidal wind and tidal non-wind effects. As suggested 
by previous theoretical and model works at equatorial 
regions (Lühr et  al. 2007; Jin et  al. 2008; Brahmanan-
dam et  al. 2011; Pedatella et  al. 2012; Ren et  al. 2009; 
England et  al. 2010; Zhang et  al. 2010; Oberheide et  al. 
2011), lower atmosphere tides could penetrate directly 
into the thermosphere, leading to an ionospheric longi-
tude variation driven by in situ changes in neutral winds 
(i.e., tidal wind effect) or neutral composition (i.e., tidal 
non-wind effect), in addition to the E-F electric field cou-
pling mechanism. In order to investigate the tidal effects, 
we run the TIEGCM under six conditions: (1–3) without 
migrating tidal input, and with zero zonal or meridional 
or neutral wind; (4–6) with migrating tides, and with zero 
zonal or meridional or neutral wind. A comparison of 
those results enables us to discern the function of tidal 
wind and tidal non-wind. For example, the difference 
between one run without tide and one run without tide 
together with zero zonal wind shows in  situ zonal wind 
effect. The difference between one run with tide and one 













CHAMP 2002−2003 March Equinox Northern Hemi[40°~60°]











































CHAMP 2002−2003 March Equinox Southern Hemi[−40 °~−60°]











































TIEGCM 2002 March Equinox Northern Hemi[40°~60°] 400km











































TIEGCM 2002 March Equinox Southern Hemi[−40°~−60°] 400km































Fig. 1 Longitudinal and magnetic local time variations of the residual electron density (Ne) observed by CHAMP (top) and simulated by TIEGCM 
(bottom) without tidal inputs at the low boundary. Densities are given in 1010 m−3. Left column is in the Northern Hemisphere and right in the 
Southern Hemisphere
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the in  situ and tidal zonal wind effects. By further dif-
ferentiating these two results, we can separate the tidal 
zonal wind effect from the in situ zonal wind effect.
Figure  4 shows the tidal wind effect, where from top 
to bottom the tidal zonal wind (Uy), meridional wind 
(Ux ), and neutral wind are pictured. The tidal zonal wind 
results in both a wave-2 and wave-1 structure of the 
Ne in the Northern and Southern Hemispheres. Dif-
ferent from the in situ processes, as presented in Fig. 1, 
the wave structure does not significantly change with the 
magnetic local time. Therefore, they are in phase with 
those induced by in situ processes in the pre-noon sector, 
while out of phase in the post-noon sector.
The tidal wind effects are believed to work through the 
vertical transport of plasma. Figure 5 shows the meridi-
onal (top) and zonal (bottom) winds due to migrating 
tides. The tidal meridional wind is poleward, from early 
morning to pre-noon, and equatorward in the other local 
time. The tidal zonal wind is westward in the pre-noon 
and evening sectors, while weakly eastward in the post-
noon sectors.
The vertical velocity due to neutral winds is shown in 
Fig. 6, separately for the zonal wind (Vy), meridional wind 
(Vx), and neutral wind (Vy + Vx). The plasma vertical 
velocity Vy driven by tidal zonal wind is shown at the 
top of Fig.  5: Vy = Uy sinD cos | I | sin | I |, where Uy is 
the tidal zonal wind, D is magnetic declination, I is the 
magnetic inclination angle, and D and I are derived from 
IGRF model. In the Northern (Southern) Hemisphere, 
there are two (one) zones of negative declinations (D) and 
two (one) zones of positive declination angles (D). Vy 













TIEGCM 2002 March Equinox Northern Hemi[40°~60°] 400km











































TIEGCM 2002 March Equinox Southern Hemi[−40°~−60°] 400km











































TIEGCM 2002 March Equinox Northern Hemi[40°~60°] 400km













































TIEGCM 2002 March Equinox Southern Hemi[−40°~−60°] 400km

































Fig. 2 (Top) Longitudinal and magnetic local time variations of the electron density (Ne) with migrating tides inputs at the low boundary of 
TIEGCM (base run). (Bottom) Residual Ne (δ�Ne) driven by migrating tides, which is the difference between Ne with and without tidal inputs. 
Densities are given in 1010 m−3
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because of sinD (see the top of Fig.  6). The tidal zonal 
wind is westward in the pre-noon and evening sectors, 
while negligible in the post-noon sectors. The westward 
zonal wind causes two bands of upward and downward 
movement of the plasma in the Northern Hemisphere 
and one band of upward and downward motion of the 
plasma in the Southern Hemisphere (see top of Fig.  6). 
When the plasma is moved upward to the low recom-
bination region, the plasma density becomes enhanced, 
and vice versa. When we compare Vy with the Ne 
(Fig.  6 vs. Fig.  4), we find that the upward (downward) 
plasma motion coincides with the enhanced (reduced) 
Ne except for a 4-h time delay. This confirms that the 
tidal zonal wind effect on the Ne is through the vertical 
motion of the plasma along the magnetic field.
The middle portion of Fig.  4 shows the effect of tidal 
meridional wind on the Ne. There is one obvious peak 
and trough (wave-1 structure) along the longitude in both 
hemispheres. The wave phase is nearly reversed in both 
hemispheres. The tidal meridional wind acts in almost 
an opposite way to the zonal wind over NA and in the 
Southern Hemisphere. Moreover, the meridional wind 
effect is stronger than the zonal wind in the Northern 
Hemisphere, while weaker in the Southern Hemisphere. 
Thus, the total wind effects (as shown at the bottom of 
Fig.  4) more closely resemble meridional wind in the 
Northern Hemisphere and zonal wind, except for the 
daytime, in the Southern Hemisphere. The tidal meridi-
onal wind effect on the Ne is also evidenced through 









Migrating tides Northern Hemi [40°~60°]

































Migrating tides Southern Hemi [−40°~−60°]

































Migrating tides Northern Hemi [40°~60°] 






























Migrating tides Southern Hemi [−40°~−60°] 






















Fig. 3 Vertical and longitudinal variations of the residual electron density (Ne) due to migrating tidal effects at different magnetic local time in 
both hemispheres. δ�Ne is got by differentiating two runs with and without migrating tidal inputs at the low boundary of model. Top panels show 
the absolute differences given in 1010 m−3, and bottom panels show the relative difference given in percent













Migrating tides zonal wind Northern Hemi[ 40°~60°] 400km













































Migrating tides zonal wind Southern Hemi[−40°~−60°] 400km













































Migrating tides meridional wind Northern Hemi[40°~60°] 400km













































Migrating tides meridional wind Southern Hemi[−40°~−60°] 400km













































Migrating tides total wind Northern Hemi[ 40 °~60°] 400km













































Migrating tides total wind Southern Hemi[−40 °~−60°] 400km

































Fig. 4 Longitudinal and altitudes variations of the residual electron density (Ne) under migrating tides condition in both hemispheres as simu-
lated by TIEGCM. From top to bottom are Ne produced by tidal zonal wind (top), meridional wind (middle), and total wind (bottom)
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of Fig. 6, the vertical velocity due to the tidal meridional 
wind (Vx = Ux cosD cos | I | sin | I |= 12Ux cosD sin 2I) 
is consistent with the Ne except for a time delay of 4 h. 
Vx is larger than Vy in the Northern Hemisphere and 
smaller in the Southern Hemisphere. Thus, Vx+y more 
closely resembles Vx in the Northern Hemisphere and 
Vy in the Southern Hemisphere (see the bottom of 
Fig. 6).
The non-wind effect constitutes a major charge of the 
Ne under migrating tidal input, which is shown at the 
top of Fig. 7. Its effect on the Ne is nearly 180◦ out of 
phase to the tidal wind. The differences between the 
peak and trough of the Ne are calculated for quantita-
tive comparison. The tidal non-wind processes provide 
about 64% of the contributions, while the neutral wind 
accounts for approximately 36% in the Northern Hemi-
sphere. In the Southern Hemisphere, the tidal wind effect 
is the opposite to that of the tidal non-wind effect. The 
neutral composition ratio �O/N2 shown at the bottom of 
Fig.  7 exhibits a similar structure to the Ne driven by 
non-wind processes. This confirms that the neutral com-
position change is one of potential candidates in disturb-
ing the Ne under migrating tidal conditions.
Another point needs to be addressed here. By using the 
GITM model, Wang and Liu (2015) showed an enhanced 
Ne wave in NA (180◦W−0◦ GLon) produced by an 
upward-propagating migrating tide when compared to 
those caused by in situ processes. However, the TIEGCM 
shows a reduced Ne wave in the NA sector (see the left-













TIEGCM March Northern Hemi[40 °~60°] 














































TIEGCM March Southern Hemi[−40 °~−60°] 














































TIEGCM March Northern Hemi[40 °~60°] 











































TIEGCM March Southern Hemi[−40 °~−60°] 































Fig. 5 Geographical longitude and magnetic local time variations of meridional (top) and zonal (bottom) winds in response to migrating tides in 
both hemispheres. Positive values are in the poleward and eastward directions. Left column is in the Northern Hemisphere and right in the Southern 
Hemisphere













Migrating tides  Vy  zonal wind  NH  [ 40 °~60°] 400km











































Migrating tides  Vy  zonal wind  SH [−40 °~−60°] 400km











































Migrating tide Vx meridional wind NH [40 °~60°] 400km











































Migrating tide Vx meridional wind SH[−40 °~−60°] 400km











































Migrating tide  Vx+y  total wind  NH  [40 °~60°] 400km












































Migrating tide  Vx+y  total wind  SH [−40 °~−60°] 400km
































Fig. 6 Longitudinal and magnetic local time variations of the vertical plasma velocity under migrating tide condition in both hemispheres at 
400 km as simulated by TIEGCM. From top to bottom are plasma velocity produced by tidal zonal wind (Vy, top), meridional wind (Vx, middle), and 
total wind (Vx+y, bottom)
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this contradiction is that the GITM only includes the 
tidal wind, but excludes the tidal neutral compositions in 
the coupling between the lower atmosphere and thermo-
sphere, while the TIEGCM includes both disturbances in 
the lower and upper atmosphere coupling.
Non‑migrating tidal effects
The top of Fig.  8 shows the variation of Ne simulated 
with non-migrating tides imposed at the lower boundary 
of the model in both hemispheres. The Ne pattern is the 
same as that without non-migrating tidal inputs (i.e., the 
Ne driven by in situ processes as shown in Fig. 1). This 
indicates that upward-propagating non-migrating tides 
play a minor role in the modulation of the Ne as com-
pared to in situ processes.
The residual Ne, due to lower atmosphere non-
migrating tides, is shown at the bottom of Fig. 8. It was 
obtained by differentiating two runs with and without 
non-migrating tidal inputs at the lower boundary. This 
demonstrates a wave-4 structure of the Ne in both 
hemispheres. The amplitudes are similar but become 
reduced at mid-latitudes, when compared to the well-
known wave-4 pattern in equatorial regions (figure not 
shown). The amplitude ratio between the mid-latitude 
and equator regions is about 32% (22%) in the Northern 
(Southern) Hemisphere. In both hemispheres, the lon-
gitudinal structure of the Ne at mid-latitudes is nearly 
out of phase with those in the equatorial regions. Four 
peaks were found at: 180◦E, 90◦W, 15◦W, and 90◦E in the 
Northern Hemisphere, and at: 135◦W, 15◦E, 100◦E , and 
180
◦
E in the Southern Hemisphere. The altitudinal and 
longitudinal variation of the residual Ne in 14 MLT are 
shown in Fig.  9. The longitudinal differences are weak 
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TIEGCM 2002 March Equinox Southern Hemi[−40°~−60°] 400km
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Migrating tides  O/N2  Southern Hemi [ −40 °~−60°] 400km




























Fig. 7 Longitudinal and magnetic local time variations in the residual electron density (Ne) driven by migrating tidal non-wind effects (top), and 
the ratio between Oxygen and Nitrogen (�O/N2) at 400 km in both hemispheres (bottom)
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apparent. An obvious wave-4 structure appeared in both 
hemispheres with a maximum at around 300 km, indica-
tive of the direct penetration of the non-migrating tidal 
effect into the E and F layers ionosphere.
The non-migrating tidal effect is divided into two 
groups: tidal wind and non-wind. Six runs are conducted 
for further investigation in a similar way as that con-
ducted on the migrating tides. The non-migrating tidal 
effects on winds are shown in Fig.  10. Both meridional 
and zonal winds exhibit wave-4 patterns in both hemi-
spheres. Figure 11 shows the tidal zonal, meridional, and 
total wind effects on the Ne. A wave-1 structure of the 
Ne existed, which is induced by the tidal zonal wind 
with phase reversed in the Northern and Southern Hemi-
spheres (see the top of Fig.  11). A wave-4 and wave-2 
structure of the Ne, due to meridional wind, exists in 
the Northern and Southern Hemispheres (refer to the 
second row in Fig. 11). The structure of the Ne, due to 
total wind (see the third row in Fig. 11), was quite similar 
to the meridional wind in both hemispheres. The verti-
cal transport of plasma due to neutral winds, VVx+y, is 
consistent with the Ne caused by the neutral winds (see 
the bottom of Fig. 11). This shows that the tidal neutral 
winds work on the Ne mainly through the vertical trans-
port along the magnetic field.
The tidal non-wind effect is in major charge of the Ne 
under non-migrating tidal input, which is shown at the 
top of Fig. 12. For the non-migrating tides, the wind effect 
is opposite to the non-wind effect. The neutral compo-
sition ratio �O/N2 is shown at the bottom of Fig.  12, 
which exhibits a similar structure to the Ne driven 
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Non−migrating March Equinox Southern Hemi[−40°~−60°] 400km











































Non−migrating tides effect Northern Hemi[40 °~60°] 400km













































Non−migrating tides effect  Southern Hemi [−40° ~−60°] 400km

































Fig. 8 (Top) Longitudinal and magnetic local time variations of residual electron density (Ne) with non-migrating tides inputs at the low boundary 
of TIEGCM. (Bottom) Residual Ne due to non-migrating tides, which is the difference between Ne with and without non-migrating tides. Densi-
ties are given in 1010 m−3
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composition ratio is one of potential candidates in dis-
turbing the Ne under non-migrating tidal conditions.
Tidal decomposition
The quantitative contribution from the lower atmosphere 
to the Ne at F region, as described earlier in our intro-
duction, is not completely understood. To further under-
stand this phenomenon, we performed tidal diagnostics 
of the Ne at F region for three cases. The major non-
migrating tidal components are listed in Table 1. The case 
with no tide represents the local physical process effects, 
in comparison with those from migrating and non-
migrating tides.
The two major tidal components, under no tidal input 
conditions, are D0 and DE1 in the Northern Hemisphere, 
and D0 and DW2 in the Southern Hemisphere. Those 
are listed in bold in Table 1. With migrating tidal input, 
D0 and DE1 can be enhanced by 8% and 3%, respectively, 
in the Northern Hemisphere, whereas D0 and DW2 
can be enhanced by 13% and 21%, respectively, in the 
Southern Hemisphere. With non-migrating tidal input, 
D0 and DE1 are enhanced by 3% and 10%, respectively, 
in the Northern Hemisphere, whereas D0 and DW2 are 
enhanced by 3% and 2%, respectively, in the Southern 
Hemisphere. These represent the quantitative contri-
bution from the lower atmosphere to the Ne in the F 
region. It can be seen that the DW2 and D0 compo-
nents are less affected by non-migrating tides from lower 
atmosphere, which is most likely generated in  situ by 
nonlinear interaction forcing in the upper thermosphere. 
This is consistent with the conclusion by Oberheide et al. 
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Fig. 9 The same as Fig. 3, but for non-migrating tidal conditions
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thermosphere (CTMT) of upward-propagating migrating 
and non-migrating diurnal and semidiurnal tides from 
80–400 km and pole to pole. This is based on Hough 
Mode Extension fits to 2002–2008 TIMED satellite tidal 
diagnostics in the lower thermosphere. They validated 
the CTMT with CHAMP tidal diagnostics at around 400 
km. Their results proved that the theoretical model cap-
tured the observed non-migrating tides well, indicating 
that these waves propagate directly upward without sig-
nificant weakening. The exceptions are the DW2 and D0 
components, which are believed to be most likely gener-
ated in situ by nonlinear interaction forcing in the upper 
thermosphere.
Conclusions
This study investigates the upward-propagating migrat-
ing and non-migrating tidal effects from the lower 
atmosphere on the longitudinal variation of electron 
density (Ne) at mid-latitudes during March equi-
nox. Twelve runs, using TIEGCM for investigation, 
are conducted. The Ne at altitudes above 200 km are 
affected by upward-propagating tides. Migrating tides 
result in reduced longitudinal differences in the Ne 
over North America and in the Southern Hemisphere. 
Non-migrating tides result in a wave-4 structure of the 
Ne in both hemispheres, but with weaker amplitudes 
as compared to migrating tides. The neutral compo-
sition changes play dominant roles in regulating the 
Ne under both migrating (accounting for about 64%) 
and non-migrating (approximately 60%) tidal condi-
tions, which oppose the tidal wind effects. The Ne 
driven by tidal meridional wind (accounting for about 
70%) is stronger than tidal zonal wind (approximately 
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TIEGCM 2002  March Southern Hemi[−40 °~−60°] 400km
















































TIEGCM 2002  March Northern Hemi[40 °~60°] 400km













































TIEGCM 2002  March Southern Hemi[−40 °~−60°] 400km

































Fig. 10 Geographical longitude and magnetic local time variations of meridional (top) and zonal (bottom) winds in response to non-migrating tides 
in both hemispheres. Left column is in the Northern Hemisphere, and right in the Southern Hemisphere
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Non−migrating tides  zonal wind  SH  [−40 °~−60°] 400km












































Non−migrating  meridional wind   NH  [40 °~60°] 400km












































Non−migrating meridional wind   SH  [−40 °~−60°] 400km












































Non−migrating tides  total wind   NH  [40 °~60°] 400km












































Non−migrating tides  total wind   SH   [−40 °~−60°] 400km













































Non−migrating Plasma velocity   NH [40 °~60°] 400km












































Non−migrating  Plasma velocity   SH  [−40 °~−60°] 400km
































Fig. 11 Longitudinal and altitudes variations of the residual electron density (Ne) under non-migrating tide condition in both hemispheres as 
simulated by TIEGCM. From top to bottom are Ne due to tidal zonal wind (top), meridional wind (second row), total wind (third row), and plasma 
vertical velocity due to tidal wind (bottom)













Non−migrating non−wind Northern Hemi [40°~60°] 400km













































Non−migrating non−wind Southern Hemi[−40°~−60°] 400km













































Non−migrating tides  O/N2  Northern Hemi [ 40 °~60° ] 400km








































Non−migrating tides O/N2 Southern Hemi [−40 °~−60 °] 400km




























Fig. 12 Longitudinal and magnetic local time variations in the residual electron density (Ne) driven by non-wind effects under non-migrating tide 
condition (top), and the ratio between Oxygen and Nitrogen (�O/N2) at 400 km in both hemispheres (bottom)
Table 1 Tidal decomposition of Ne for three conditions in the Northern and Southern Hemispheres
The case without tide represents in situ physical process. The other two cases represent effects from migrating and non-migrating tides from lower atmosphere. ‘A’ 
stands for ‘absolute’ and ‘R’ stands for ’relative’
Northern Hemisphere Southern Hemisphere
No tide Migrating tide Non‑migrating tide No tide Migrating tide Non‑migrating 
tide
A A R (%) A R (%) A A R (%) A R (%)
D0 11.0 0.9 8 0.3 3 D0 23.0 3.1 13 0.8 3
DE1 12.0 0.4 3 1.2 10 DW2 11.7 2.4 21 0.2 2
DE3 2.3 0.2 9 1.4 61 DE2 2.9 0.2 7 0.9 31
Page 16 of 17Wang and Zhang Earth, Planets and Space  (2017) 69:11 
conditions, except for the southern hemisphere under 
migrating tidal input.
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